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Abstract

Chemical engineering is a complex interconnected major. Just as chemical engineers have broken
complex processes into unit operations, the chemical engineering curriculum has been broken up into
courses. The organization of these courses varies amongst institutions and are based on years of prior
teaching and research. Despite this, there have been calls to reevaluate the curriculum from both in-
dustry and academia. We propose a graph-based representation of curricula in which topics are repre-
sented by nodes and topic dependencies are represented by directed edges forming a directed acyclic
graph. This enables using graph theory measures and tools to provide formal ways of evaluating a
curriculum. Additionally, the abstraction is readily understandable meaning conversations between
instructors regarding the curriculum can occur within a department and even across institutions. This
abstraction is explained with a simplified curriculum and applied to the undergraduate chemical en-
gineering curriculum of a subject university. Highly and lowly connected topics are identified and
approaches for grouping the topics into modules are discussed.
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1 Introduction

The early days of chemical engineering focused on tools such as unit operations, material and energy
balances, process control, transport phenomena, and more to develop petrochemicals [1]. Since then,
these tools have been increasingly applied to more applications, and chemical engineers can be found in
diverse industries and roles. Climate change has also placed pressure on industries to decrease the envi-
ronmental impact of their products and processes. However, there are proven difficulties in embedding
sustainability in engineering curricula, and industry has identified ability shortages in graduating chem-
ical engineers [2]. For these reasons and more, there have been calls to evaluate the chemical engineering
curriculum [3, 4] and some departments have even elected to not seek accreditation to allow students
more personalized paths towards different careers [5].

One critical aspect of a chemical engineering program is course(s) on process/plant design. Process
design is often treated as the culmination of the undergraduate chemical engineering curriculum. This
course draws on knowledge from previous chemical engineering courses including transport, balances,
controls, and more. Students are often reminded of what they learned in previous courses and are first
required to pull knowledge from multiple previous courses. This means students are likely to see the in-
terconnectivity of the curricula for the first time at the very end of their education. Additionally, process
design tends to focus on the design of a single process typically within the chemicals or petrochemical
sector. This means that students interested in other fields such as biological systems or semiconductors
may be less motivated in this course. For these reasons, there is discourse on implementing systems
thinking and design throughout the curriculum instead of tying the curriculum together at the very end
of a student’s learning experience.

All these issues mean the curriculum needs to be evaluated to improve outcomes. There are some tools
to analyze curricula, such as curriculum prerequisite maps to identify bridge and source-hub courses,
tree-structured topic modeling, connection coefficient determination, and concept maps [6, 7, 8, 9, 10, 11].
Concept maps have been applied to chemical engineering courses and curricula to enhance student learn-
ing and explore the ontology of topics covered [12, 13]. Other work has applied statistical tools to study
how chemical engineering curricula have changed focus and analyzed different sequencing of transport
courses at institutions [14].

We propose a graph-based representation in which topics are represented by nodes and dependencies
between topics are represented by directed edges. Unlike in concept maps, the directed edges do not have
words attached to them. This enables the use of graph tools to guide curriculum analysis with numerical
measures to formalize discussion in improving a curriculum.
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2 Graph Abstraction

To explain graph theory applied to a curriculum, a simplified Curriculum A will be used. Curriculum A
is composed of six courses which are named ABC 101-106. The courses depend on one another through
prerequisites. For example, ABC 101 is a prerequisite to complete ABC 103. The full list of prerequisites
and the credits for each course can be found in Table 1.

Table 1: Curriculum A courses, credits, and prerequisites.

Course Credits Prerequisite(s)

ABC 101 3 None
ABC 102 4 None
ABC 103 4 ABC 101
ABC 104 2 ABC 102
ABC 105 2 ABC 102, ABC 103
ABC 106 3 ABC 105

This table looks like one a student would find in their handbook or when registering for the courses
for the term. This table can be represented with a graph abstraction in which courses are represented by
nodes and directional edges connecting nodes represent dependencies as seen in Figure 1. The edges are
directional to represent the sequence of the courses and follows the thinking of ‘I have to take this course
before I take that course’. With the nature of course progression, there are no cycles. For example, ABC
103 would not and cannot be a prerequisite for ABC 101 because then there would be no way to take
either of them. This makes the graph abstraction both directional and acyclic. Within this representation,
the number of credits for each course is reflected by the node size.

The course level graph abstraction can allow for the scheduling of one’s term and visualizing how
courses interact with one another. However, these dependencies rely on the accuracy of the prerequisites
which could have been established years prior and the courses and, more broadly, the curriculum could
have changed since. For example, students may be encouraged by their adviser to take ABC 103 and ABC
104 in the same term. From the graph abstraction, this need is not clear perhaps because ABC 103 has
topics that are required for ABC 106 despite not showing up in the perquisites. This means looking more
closely into the courses and their interconnectivity is required to fully understand the curriculum.

To look more closely at the curriculum, we can develop topic level graphs for each course within Cur-
riculum A. This could be generated from the schedule of topics in a syllabus, recommended textbook
readings, and more. The selection of topics and their connectivity takes some expertise and refinement,
but the generation of the abstraction can provide invaluable insights. The graph abstraction for ABC 101
is presented in Figure 2.
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ABC 101

ABC 103 ABC 102

ABC 104ABC 105

ABC 106

Figure 1: Course level graph abstraction of Curriculum A in which courses are represented as nodes
and directed edges represent course dependencies. Node size represents the credit hours for the course.
Courses without prerequisites are green, terminal courses are red, and courses with both prerequisites
and subsequent dependencies are blue.
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Figure 2: Graph abstraction of ABC 101 in which nodes are the individual topics that make up the course
and directional edges represent the dependencies between courses. Node size reflects the relative time the
topic is covered in the course in which the sum of all of the node sizes is the credit hours for the course.

In this topic level graph abstraction of ABC 101, topics are represented by nodes and the size of the
nodes represent the relative time spent covering the topic in terms of the credit hours for the course. This
means the sum of all the node sizes is the number of credit hours for the course. Topic connectivity is
represented by the directional edges. A topic without any preceding topics, such as T1-1, means it can be
taught without any other prior knowledge. These can be thought of as introductory topics like how one
would think about an introductory course. A topic with preceding topics, such as T1-6, means it requires
the preceding connected topics (T1-4 and T1-5) to be taught. This follows the logic of ”I need to know
numbers and counting to learn addition.” These dependencies can also be used to help plan the course
by noticing topic T1-10 requires all other topics besides T1-8. Topics not connected to any others, such as
T1-8, means it can be taught at any time during the course because it does not build on previous topics,

5

http://zavalab.engr.wisc.edu


http://zavalab.engr.wisc.edu

nor is it required to understand other topics.

While the graph abstraction of ABC 101 provides a lot of valuable insights, it is not the complete
picture. ABC 101 is a prerequisite for ABC 103, but this is not yet indicated. Expanding the topic level
abstraction to include all courses will provide the complete picture of the curriculum and enable under-
standing of the interconnectivity of the topics and courses. This is accomplished by constructing a graph
abstraction of each course and then connecting them where appropriate. This results in the topic level
graph abstraction of Curriculum A in Figure 3.

Figure 3: Topic level graph abstraction Curriculum A in which topics are represented by nodes and topic
dependencies are represented by directed edges forming a directed acyclic graph. Node size reflects the
relative resources required for the topic in terms of the credit hours for the course.

Topics can be introduced in one course and later reviewed in another. Reviewing a topic and then
building off it (connecting to another topic) is different than just building off one topic to another because
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of the time spent on the review. To reflect this, if a topic is introduced and later reviewed, then the size of
the topic includes the first time it was taught and any other review times. To distinguish between the two,
a border will be added to the node. For example, T3-24 is introduced in ABC 103, but is later reviewed in
ABC 105. As such the inner circle represents the resources first spent learning T3-34 and the outside circle
represents the resources spent reviewing.

The topic level graph of Curriculum A can be very useful on its own to understand the scope of the
curriculum and discussion between instructors. However, the analysis can be improved by using tools
from graph theory to provide formalized measures to discuss ways of changing the curriculum. Measures
like the degree of node (the number of edges connected to a node), determining paths (getting from one
node to another without any repeat nodes), the number of components (subsets of nodes that do not have
edges to other nodes), connected vs. strongly connected graphs, and more can be considered. For this
analysis, grouping of nodes through community detection and modularity and the degree of a node will
be critical for analysis.

For grouping of nodes, a common approach is known as community detection which seeks to max-
imize “modularity” using optimization. The “modularity” is a function of the interconnectivity of com-
munities that make up the graph. These algorithms can be useful to identify which topics form areas of
dense interconnectivity, but it does not consider the size of the nodes. This means it may result in com-
munities of varying sizes. For example, applying the community detection algorithm known as greedy
modularity maximization to Curriculum A results in the communities in Figure 4. Here the number of
communities was restricted to be equal to the number of original courses (six). It is important to note that
the topics forming a community are not always from the same course. The community sizes are 5.8, 3.4,
3.2, 2.7, 2.65, and 2.25 credit hours which when turned into courses could lead to an unbalanced course
load.

To improve upon the community detection, a different approach to modularity will be considered.
This approach described in [15] can restrict the sizes of the module in addition to the number of modules.
This approach maximizes a different measure of modularity with constraints to set the number of mod-
ules and the size of modules within a given size. This is cast as a binary quadratic optimization program.
Additionally, we can use the framework to provide a definition of a modular curriculum. A curriculum
will be considered modular if: (a) the topics in a module form a cluster of dense dependency, (b) connec-
tivity between modules is sparse, and (c) the modules are within a set resource use (credit hours). These
two approaches enable evaluating the modularity of the curriculum by determining modules that could
be used to guide course organization and overall curriculum planning.

Restricting the module size between 2.9 and 4.1 credit hours, the new topic grouping is presented in
Figure 5. This results in community sizes of 3.9, 3.8, 3.4, 3.1, 2.9, and 2.9 credit hours. This approach leads
to more balanced course load and modules of more implementable size.
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Figure 4: Topic level graph abstraction Curriculum A grouped into six communities (equal to the number
of original courses) using greedy community detection where each color represents a different community
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Figure 5: Topic level graph abstraction Curriculum A grouped into six modules (equal to the number of
original courses) when restricting module sizes between 2.9 and 4.1 credits.
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3 Case Study

3.1 Building Curriculum Graph

To demonstrate some of the capabilities and insights that can be gained from this graph abstraction,
this analysis will be applied to the undergraduate chemical engineering curriculum at University of
Wisconsin-Madison which serves >400 undergrad and >100 graduate students. This curriculum is com-
posed of 19 credit hours of math, 10 of physics, 20 of chemistry, 6 of life sciences, 6 of communication
skills, 16 of liberal studies, 6 of professional depth, 40 of core chemical engineering courses, and 9 chemi-
cal engineering electives for a total of 132 semester credit hours. The focus of this analysis will be on the
core chemical engineering courses listed in Table 2 along with their already defined prerequisites. Most
of these courses are similar to courses required by other undergraduate chemical engineering programs.

Table 2: Core chemical engineering courses at the subject university. Term taken is the term a student
would normally take the course where 1F means fall of year one and 4S means spring of year four.

Course Name Term Credits Prerequisite(s)

CBE 150 Intro Chemical Engineering 1F 1 None
CBE 250 Process Synthesis 2F 3 None
CBE 255 Intro to Chemical Process Modeling 2S 3 CBE 250 (co)
CBE 310 Chemical Process Thermodynamics 2S 3 CBE 250 (co)
CBE 311 Thermodynamics of Mixtures 3F 3 CBE 310, 255
CBE 320 Intro Transport Phenomena 3F 4 None
CBE 324 Transport Phenomena Lab 3S 3 CBE 310, 320
CBE 326 Momentum and Heat Transfer 3S 3 CBE 320 (co)
CBE 426 Mass Transfer Operations 4F 3 CBE 311, CBE 320
CBE 430 Chem Kinetics and Reactor Design 4F 3 CBE 311, CBE 320
CBE 450 Process Design 4S 3 CBE 326, 430, 426
CBE 470 Process Dynamics and Control 4S 3 CBE 326, 430 (co)
CBE 424 Operations Process Lab 4Su 5 CBE 324, 326, 426, 430

A graph abstraction of the core chemical engineering courses is presented in Figure 6. One interesting
note of the curriculum is CBE 250 can be taken concurrent with CBE 255 and CBE 255 can be taken con-
current with CBE 310, but CBE 250 is a prerequisite for CBE 310. Since this graph abstraction is made to
model the flow of topics, CBE 250 will be treated as a prerequisite CBE 255 and CBE 255 will be treated as
a prerequisite for CBE 310. A similar scenario exists for CBE 320 and CBE 324 and CBE 430 and CBE 470.
From this course level abstraction, one can easily see just how many courses depend on CBE 320 based
on connectivity.

10

http://zavalab.engr.wisc.edu


http://zavalab.engr.wisc.edu

CBE 150

CBE 250

CBE 255

CBE 310

CBE 311

CBE 324CBE 326 CBE 426CBE 430

CBE 320

CBE 424CBE 450CBE 470

Figure 6: Course level graph abstraction of the core chemical engineering courses.
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To construct the topic level graph abstraction of the curriculum, the syllabuses, course schedules,
course readings, and lab documents were collected from recent occurrences of the courses. Then, an iter-
ative approach of defining topics and topic dependency was completed to form the graph abstraction for
each course. For example, the graph for CBE 320: Introductory Transport Phenomena is shown in Figure
7. This course covers momentum, heat, and mass transport at a theoretical level. The selection of topics
and the “resolution” (how detailed the topics are e.g., Energy Flux Vector vs Convective, Conductive and
Work Flux Vector) of the topics had to be decided for each course. This was an iterative process to ensure
the graphs for each course were similar in terms of the level of resolution. While the graphs made and
presented with this approach could look different depending on who makes them, it opens a more formal
discussion of what is being taught to students in a course. This could be used alongside learning goals to
get the full picture of a course.

Density

Convective Momentum Flux Tensor

Total Momentum Flux Tensor Convective Energy Flux Vector

Shell Momentum Balances

Obtaining Unidirectional Velocity Profiles

Equation of Motion Obtaining Turbulent Velocity Profiles

Equations of Change for Mechanical Energy

Isothermal Equations of Change

Macroscopic Momentum Balance Dimensional Analysis for Isothermal Systems Nonisothermal Equations of Change

Macroscopic Mechanical Energy Balance

Estimating Viscous Losses

Viscosity

Molecular Momentum Flux TensorObtaining Viscosity Data

Laminar vs Turbulent Flow

Obtaining Turbulent Temperature Profiles

Dimensional Analysis

Dimensional Analysis for Nonisothermal Systems

Dimensional Analysis For Flowing Mixtures

Friction Factors

Energy Equation

Macroscopic Energy Balance for Nonisothermal Systems

Equations of Change For Binary Mixtures from Conservation Laws

Obtaining Temperature Profiles for Flat Velocity Profiles Macroscopic Balances for Multicomponent Systems

Obtaining Temperature Profiles for Non-flat Velocity Profiles

Thermal Conductivity

Conductive Heat Flux Vector Obtaining Thermal Conductivity Data

Total Energy Flux Vector

Shell Energy Balances

Obtaining Unidirectional Temperature Profiles with Flat Velocity Profiles

Work Flux Vector

Overall Heat Transfer Coefficients

Obtaining Heat Transfer Coefficients

Energy Transport by Radiation

Obtaining Concentration Profiles

Convective Mass Flux Vector

Total Mass Flux Vector

Shell Mass Balances

Gas AbsorptionSolid Dissolution Porous Diffusions

Obtaining Unidirectional Concentration Profiles

Binary Mixture Molecular Fluxes

Diffusivity

Diffusive Mass Flux Vector

Obtaining Diffusivity Data

Obtaining Mass Transfer Coefficients

Figure 7: Graph abstraction of CBE 320: Introductory Transport Phenomena.

With a graph abstraction of each course, the topic level graph abstraction of the core chemical engi-
neering courses can be constructed. To do this, the dependencies between courses and review of topics in
subsequent courses were identified. For example, there is review of some material from CBE 310: Chem-
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ical Process Thermodynamics in CBE 311: Thermodynamics of Mixtures and there are topics introduced
in CBE 320: Introductory Transport Phenomena that are required to understand topics in CBE 426: Mass
Transfer Operations. This was also an iterative process to ensure topics of the same name had the same
scope and to ensure the interconnectivity of courses was fully captured. Again, the interconnectivity of
the topics between courses could be up for debate. However, this abstraction encourages conversation
beyond “Make sure you introduce the Peng-Robinson Equation of State in Thermodynamics I because I
need it for Thermodynamics II” that may occur between instructors teaching a series.

The topic level graph abstraction is presented in Figure 8. Due to the size of the graph, an interac-
tive version of the graph is available in the supplementary material. Across the 13 courses and 40 credit
hours, there are 288 topics and 398 edges. 46 topics are introduced in one course and reviewed later in
another totaling 4.76 credit hours. Introductory topics often involve a physical property like density and
entropy while topics without successors are often lab experimentation or extensions into more complex
applications such as multi-phase reactions.

The grouping of topics into modules was conducted restricting the module size to 2.9 to 4.1 credit
hours across 13 modules resulting in modules in Figure 9 (unfortunately, due to the size of the problem,
the optimization was solved to 12% optimality gap in one hour and future work will need to be done
to optimize an entire curriculum with reasonable solver times). The modules here would reflect if the
department wanted to keep the same number of courses but rearrange the topics to create more even
courses rather than being between one and five credits. Some of the modules are close to what they were
before. For example, topics covered within CBE 470 and CBE 450 are largely still with the same topics.
This demonstrates these courses are distinct from other parts of the curriculum. For CBE 450, this means
that implementing systems thinking and design throughout the curriculum will require a different ap-
proach than just rearranging the topics from process design. Further highlighting the differences between
process design and systems design.

An additional note is on the transport related courses of CBE 320, CBE 324, CBE 326, CBE 426, and CBE
424. Previous work has discussed how different institutions sequence transport topics. The curriculum
is currently designed to introduce the theoretical aspects of transport in one course and equipment and
experimentation in subsequent courses. While the modules presented tend to have the theoretical, equip-
ment, and experimentation of each transport type (momentum, heat, mass) together due to the higher
connectivity of topics within the same transport type compared to between the transport types.

We have not used the insights from this analysis to impact the current curricula because we are still
in the early phases of developing this analysis technique. From these early insights with the transport
topics, however, the modules presented reduce the time spent on reviewing the theoretical topics in the
equipment and experimentation courses by placing the transport types together. This approach, along
with other reorganizations, reduces the time spent on reviewing topics from 4.76 credit hours to 2.24
credit hours for a reduction of 2.52 credit hours. This reduction in credit hours required opens time for
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Intro to Chemical Engineering
Process Synthesis
Intro Chem Proc Model

Chem Process Thermo
Thermo of Mixtures
Intro Transport Phenomena

Transport Phenomena Lab
Momentum and Heat Transfer
Mass Transfer Operation

Chem Kinetics and Reactor Design
Process Design

Process Dynamics and Control
Operation Process Lab

Figure 8: Graph abstraction of the topics covered in the core chemical engineering courses where the topic
color represents the course it is currently first introduced in.
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Figure 9: Graph abstraction the core chemical engineering courses with topics grouped into modules
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new topics such electrochemistry or systems thinking and design. Implementing these changes would
have some difficulties from a logistical aspect with changing courses and student progress and could face
resistance from current instructors and potentially accreditation. However, with the formalization of the
measures used to evaluate the curricula we can provide some justification and reasoning for the changes.

4 Conclusion

This work presented a graph abstraction in which courses are represented by nodes and connections be-
tween courses are represented by edges. Additionally, a graph abstraction in which topics are represented
by nodes and topic dependencies are represented by directed edges was presented. This graph abstraction
was applied to the core chemical engineering courses required for undergraduate chemical engineering
students at a subject university. This abstraction identified lowly and highly connected topics and dis-
cussed ways of grouping topics. This abstraction not only encourages instructors to discuss how topics
and curricula are presented but also provides a more formal framework and measures to do so.

5 Future Work

While the core chemical engineering courses for the undergraduate chemical engineering program at the
subject university was presented here, this analysis can easily and will be expanded to include the entire
undergraduate chemical engineering curriculum. This will enable further study into the interconnectivity
between chemical engineering courses and background courses from chemistry, math, and physics. With
this ability, the determination of which courses should be taught by the chemical engineering department
and which courses are appropriate to be taken from other departments.

For example, the chemical engineering undergraduates are required to take the three-credit STAT 324:
Introductory Applied Statistics for Engineers course while there also exists CBE 562: Statistics for Chemi-
cal Engineers which is a three-credit course which can be used towards the chemical engineering elective
requirement. This graph abstraction could be used with connectivity measures to make a case for CBE
562 to replace STAT 324 entirely to improve the connectivity of the topics with more relevant chemical
engineering examples and improve reinforcement of topics.

In the current framework, some additional constraints could be added to account for additional at-
tributes of topics. For example, a topic could be categorized as being a lab or lecture topic and a constraint
could be implemented to ensure modules are made such that they are either lab or lecture modules. This
would make the modules more accurately reflect more traditional course organization.

While the module sizes were set to the sizes of typical courses in this analysis, the module size can
be smaller. Setting the module size smaller would reflect smaller units within a course. This would en-
able writing specific learning objectives for each module and packaging the curriculum into more easily
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presented sizes. This would further encourage discourse surrounding the curriculum and what exactly
is and should be taught within it. The creation of smaller modules could have the added benefit of in-
creased flexibility to move modules around and replace modules with different concepts such as adding
an electrochemistry module to the curriculum.

Another use for this graph abstraction is to embed important concepts or ideas throughout it such as
safety, sustainability, and systems thinking and design. For example, implanting systems thinking and
design throughout the curriculum can be accomplished by creating case studies. These case studies would
involve systems thinking and design that depend on topics from different stages in the curriculum. In
doing so, the case studies would have to be designed in a way such that all topics are used to understand
and solve the case studies. A similar approach could be used for implementing safety and sustainability.

We created the figures in this paper using a set of csv files detailing the topic names, topic sizes, and
dependencies for each course. Then the reviewed topics and sizes are determined and a graph is built
using the networkx package in python. A combination of the python packages matplotlib, networkx, and
pyvis are then used to create the static and interactive visual representations of the graph. We are inter-
ested in creating an interactive tool in which someone could build the course graphs by dragging and
dropping nodes and connecting the nodes and then use built in tools to determine the layout of the nodes
and creating the modules. This would enable other educators to more easily create graph representations
of their courses and curricula and determine new ways of grouping the topics.

Supplementary Material

Interactive HTML files of Figures 8 and 9 are available at https://github.com/zavalab/ML/tree/
master/CurriculaGraphs.
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